The availability of mineral nutrients in the soil dramatically fluctuates in both time and space. In order to optimize their nutrition, plants need efficient sensing systems that rapidly signal the local external concentrations of the individual nutrients. Until recently, the most upstream actors of the nutrient signalling pathways, i.e. the sensors/ receptors that perceive the extracellular nutrients, were unknown. In Arabidopsis, increasing evidence suggests that, for nitrate, the main nitrogen source for most plant species, a major sensor is the NRT1.1 nitrate transporter, also contributing to nitrate uptake by the roots. Membrane proteins that fulfil a dual nutrient transport/signalling function have been described in yeast and animals, and are called 'transceptors'. This review aims to illustrate the nutrient transceptor concept in plants by presenting the current evidence indicating that NRT1.1 is a representative of this class of protein. The various facets, as well as the mechanisms of nitrate sensing by NRT1.1 are considered, and the possible occurrence of other nitrate transceptors is discussed.
Introduction
Nitrate (NO 3 -) is the main nitrogen (N) source for plants in regular agricultural systems (Marschner, 1995) . Its transport into the root cells from the soil solution involves several specific membrane transporters of the NRT1 and NRT2 families, that display high-and/or low-affinity for their substrate, making the whole uptake system efficient over a wide range of external NO 3 -concentrations (see Tsay et al., 2007; Miller et al., 2009 , for recent reviews). Once taken up in the plant, NO 3 -can either be stored in the vacuoles or reduced first to nitrite (NO 2 -) and then to ammonium (NH 4 + ) by nitrate and nitrite reductases (NR and NiR), respectively (Crawford, 1995) . Assimilation of NH 4 + by the glutamine synthetase/glutamate synthase pathway ensures the production of amino acids and, subsequently, of most N-containing organic molecules. Besides its role as a nutrient, it has long been known that NO 3 -also acts as a signal molecule that controls many aspects of plant metabolism and development (Crawford, 1995; Stitt, 1999; Krouk et al., 2010a) , including gene transcription (Wang et al., 2004) , protein accumulation (Prinsi et al., 2009) , phosphorylation events (Liu and Tsay, 2003; Ho et al., 2009) , germination (Alboresi et al., 2005) , stomatal movements (Guo et al., 2003) , and shoot and root development (Walch-Liu et al., 2000; Forde, 2002; Vidal and Gutierrez, 2008) . The NO 3 -regulation of gene expression is particularly significant, since it is estimated that NO 3 --responsive genes may account for up to 10% of the transcriptome (Krouk et al., 2010a) . Many of the NO 3 --induced effects are maintained in a NR-null mutant, unable to transform NO 3 -into NO 2 -, demonstrating that NO 3 -per se is the signal perceived by the plant (Wang et al., 2004; Alboresi et al., 2005; Krouk et al., 2010a) . It is now well established that this ability of the plants to sense NO 3 -is a key process allowing these sessile organisms to adapt to the dramatic fluctuations of NO 3 -availability in the soil (see Miller et al., 2007; Gojon et al., 2009; Forde and Walch-Liu, 2009; Krouk et al., 2010a , for recent reviews).
The signalling pathways activated by NO 3 -sensing, and triggering the various responses to NO 3 -are far from being completely characterized. However, several molecular components of these pathways have been identified, mostly in the model plant Arabidopsis thaliana. For instance, the NIN-like putative transcription factor NLP7 (Castaings et al., 2009) , the transcription factors LBD37, 38, 39 (Rubin et al., 2009) , the membrane proteins/ethylene receptor EIN2/ETR1 (Tian et al., 2009) , and the kinase CIPK8 (Hu et al., 2009) have been shown to participate in the regulation of gene expression in response to NO 3 -provision. In addition, the putative MADS-box transcription factor ANR1 (Zhang and Forde, 1998) and the putative auxin receptor AFB3 (Vidal et al., 2010) are required for stimulation of root development and growth by NO 3 -. All these proteins are believed to be involved in the transduction pathways of the NO 3 -signal, but none of them so far is considered to play a role in the most upstream event of the signalling cascade, i.e. the direct perception of NO 3 -by a specific sensor/receptor. The nature of the NO 3 -sensor(s)/receptor(s) in plants has long remained elusive (Crawford, 1995; Zhang et al., 1999; Forde, 2002; Lam et al., 2006; Schachtman and Shin, 2007) . However, recent evidence has suggested that at least two NRT transporters of Arabidopsis (NRT1.1 and NRT2.1) may have a signalling role, in addition to their NO 3 -transport function, making them good candidates to be NO 3 -sensors (Vidal and Gutierrez, 2008; Gojon et al., 2009; Krouk et al., 2010b) .
The hypothesis that NO 3 -transporters may actually be the long-sought NO 3 -sensors/receptors is not straightforward. First, these proteins are unrelated to the NO 3 -receptors identified in prokaryotes (Rabin and Stewart, 1993) . Second, no other nutrient transporter with a signalling function has previously been identified in plants, although this has been postulated in the case of sugar transporters (Lalonde et al., 1999) . However, although new for plants, this hypothesis has an immediate parallel with the concept of a transceptor, that has emerged as a novel and major insight into nutrient signalling in both yeasts and animals (see Hundal and Taylor, 2009; Rubio-Texeira et al., 2010 , for recent reviews). Transceptors are membrane proteins that belong to nutrient transporter families and act as sensors/ receptors. Among these, many have kept the ability to perform a nutrient influx into the cell, and thus fulfil a dual transport/sensing function. The aim of this article is to review the current evidence supporting the hypothesis that at least one NO 3 -transporter (NRT1.1) is actually a NO 3 -transceptor in Arabidopsis. Furthermore, the (much less documented) information suggesting that NRT1.1 is only the tip of the iceberg and that other nutrient transporters may be transceptors as well, in Arabidopsis and possibly in other species, will be discussed.
NRT1
.1: an unusual NO 3 -transporter NRT1.1(CHL1) was the first NO 3 -transporter identified in plants (Tsay et al., 1993) . It belongs to the large PTR transporter family of Arabidopsis (53 members, Tsay et al., 2007) , and was initially characterized as an influx carrier participating in the low-affinity transport system (LATS) for NO 3 -in the roots (Tsay et al., 1993; Huang et al., 1996) . Later on, NRT1.1 was actually shown to display an unusual dual-affinity transport activity (Wang et al., 1998; Liu et al., 1999) , depending on phosphorylation of the Thr101 residue catalysed by the CIPK23 kinase (Ho et al., 2009) . The phosphorylated form of NRT1.1 is a high-affinity carrier, whereas the non-phosphorylated form is a low-affinity carrier (Liu and Tsay, 2003) . Accordingly, mutants deficient for NRT1.1 (chl1 mutants) were shown to have reduced uptake of NO 3 -in the low and/or high concentration range (Tsay et al., 1993; Touraine and Glass, 1997; Liu and Tsay, 2003; Muños et al., 2004) . However, the extent to which NRT1.1 contributes to root NO 3 -uptake has often been difficult to clarify, as it appears to depend strongly on the environmental conditions. For instance, knock-out mutation of NRT1.1 was reported to decrease significantly NO 3 -LATS activity in plants supplied with a mixed (NH 4 + plus NO 3 -) N source (Touraine and Glass, 1997; Muños et al., 2004) , but not in plants grown with NO 3 -as the sole N source, in which the root NO 3 -uptake rate at a high external concentration remained unchanged compared with wildtype plants (Touraine and Glass, 1997; Remans et al., 2006b ).
An additional difficulty for understanding the physiological role of NRT1.1 in planta is that chl1 mutants were shown to exhibit phenotypic characters that could not easily be explained by a NO 3 -uptake defect, for example, carbohydrate accumulation in Schulze et al. (1994) , cytosolic pH in Meraviglia et al. (1996) , and growth of nascent organs in Guo et al. (2001) . The most interesting observations were that mutation of NRT1.1 resulted in cytosol acidification and modified root or shoot development in plants grown in the absence of NO 3 - (Meraviglia et al., 1996; Guo et al., 2002 , Hachiya et al., 2010 , suggesting that NRT1.1 fulfils another important function, in addition to its NO 3 -transport activity.
NRT1.1 controls several NO 3 -signalling responses
A first indication that NRT1.1 may be involved in N signalling was the finding that chl1 mutants have a markedly impaired regulation of NRT2.1 expression (Muños et al., 2004; Krouk et al., 2006) . NRT2.1 encodes a major component of the high-affinity transport system (HATS) for NO 3 -in the root Filleur et al., 2001; Li et al., 2007) , and is induced by NO 3 -, but strongly repressed by high N supply to the plant (Filleur and DanielVedele, 1999; Lejay et al., 1999; Zhuo et al., 1999; Girin et al., 2007) . Induction of NRT2.1 by NO 3 -is significantly reduced by mutation of CIPK8 (Hu et al., 2009) or NLP7 (Castaings et al., 2009) . Surprisingly, knock-out mutation of NRT1.1 prevents the repression of NRT2.1 expression by high N provision (e.g. 1 mM NH 4 NO 3 ) and, accordingly, results in an abnormally high HATS activity under these suppressive conditions (Muños et al., 2004) . Further investigation indicated that down-regulation of NRT2.1 expression by high N supply actually results from the concerted action of two different signalling pathways (Krouk et al., 2006) : one associated with the well-known systemic feedback repression exerted by reduced N metabolites (Crawford and Glass, 1998; Gansel et al., 2001; Miller et al., 2007; Gojon et al., 2009) , and a second one specific of NO 3 -and depending on NRT1.1, that locally inhibits NRT2.1 transcript accumulation at high NO 3 -supply (Krouk et al., 2006) . Both signalling pathways must be activated to repress NRT2.1 (Krouk et al., 2006) , explaining why this gene is still strongly expressed in chl1 mutants even when these plants are subjected to ample NH 4 + provision in addition to NO 3 - (Muños et al., 2004; Krouk et al., 2006) . Thus, in agreement with earlier physiological studies (Siddiqi et al., 1989; King et al., 1993) , these data suggest that NO 3 -has a dual signalling effect in the regulation of its own HATS. In the short term (i.e. from a few minutes to a few hours), both NRT2.1 expression and HATS activity are induced upon first supply of NO 3 -to the plant (or upon re-supply of this ion to N-starved plants). In the long term, both NRT2.1 expression and HATS activity are repressed by prolonged high NO 3 -provision through a signalling mechanism involving NRT1.1. Unexpectedly, it was recently found that NRT1.1 is also required for short-term induction of NRT2. ). These data indicate that NRT1.1 directly or indirectly contributes to both signalling effects of NO 3 -on NRT2.1 expression (induction/repression), and that signalling mechanisms independent of NRT1.1 also participate in the induction of NRT2.1 by NO 3 -. Furthermore, NRT2.1 is not the only gene under the control of NRT1.1, since chl1 mutants are impaired in the induction by NO 3 -of more than 100 genes , including NIA1, NiR (encoding NR and NiR apoproteins, respectively), and CIPK8 (Hu et al., 2009 ).
An involvement of NRT1.1 in NO 3 -signalling is further documented by the phenotypes of chl1 mutants concerning the NO 3 -regulation of root architecture in Arabidopsis (Remans et al., 2006b; Walch-Liu and Forde, 2008; Krouk et al., 2010b) . Indeed, NRT1.1 is partly responsible for a striking adaptive response of the root system to the heterogeneous distribution of NO 3 -in the soil, i.e. the socalled lateral root proliferation in NO 3 --rich patches (Robinson, 1994; Zhang et al., 1999; Remans et al., 2006b) . Lateral roots are formed post-embryonically, starting with the initiation of a primordium (in the pericycle), which upon emergence out of the parent root and activiation of a meristem, generates an elongating lateral root (Malamy and Benfey, 1997) . As for NRT2.1 expression, NO 3 -has a dual effect on the development and growth of lateral roots (Zhang et al., 1999) . On the one hand, high NO 3 -represses the development of lateral roots, through a systemic signalling pathway preventing activation of the lateral root meristem following emergence of the primordium. On the other hand, NO 3 -locally promotes the growth of lateral roots by enhancing elongation of these roots through increased cell division. Local stimulation of lateral root growth by NO 3 -explains the preferential root colonization of the NO 3 --rich patches of the soil, and was shown not to be due to improved N nutrition, but to a specific NO 3 -signalling pathway involving the putative MADS-box transcription factor ANR1 (Zhang and Forde, 1998) . In split-root experiments, chl1 mutants display an impaired response to an uneven NO 3 -provision, with a much less pronounced preferential growth of lateral roots on the side of the split-root system supplied with high NO 3 - (Remans et al., 2006b) . Most importantly, this was not associated with a decrease in NO 3 -uptake from the NO 3 --rich patch, but with a marked down-regulation of ANR1 expression in root apexes, suggesting that NRT1.1 acts upstream of ANR1 in the NO 3 -signalling pathway governing lateral root growth (Remans et al., 2006b) .
Another unexpected role of NRT1.1 in modulating root system architecture relates to its interaction with L-glutamate signalling (Walch- Liu and Forde, 2008) . As NO 3 -, Glu also acts as a signal modulating root system architecture (Forde and Walch-Liu, 2009 ). In Arabidopsis, Glu inhibits primary root growth and promotes root branching. However, the addition of NO 3 -in excess to Glu in the nutrient medium suppresses these effects in wild-type plants, but not in the chl1-5 deletion mutant of NRT1.1 (Walch- Liu and Forde, 2008) . Again, this phenotype of the chl1-5 mutant could not be explained just by the loss of the NRT1.1-mediated uptake of NO 3 -(see below). This indicates that the antagonistic action of NO 3 -on the Glu-induced changes in root architecture is due to NRT1.1-dependent signalling.
NRT1.1 acts as a NO 3
-sensor, and illustrates the transceptor concept in plants Altogether, the information detailed above shows that NRT1.1 (i) triggers NO 3 -signalling pathways governing expression of NO 3 --responsive genes and root developmental responses, and (ii) probably acts upstream of the components of these signalling pathways identified to date (i.e. CIPK8 and ANR1). Thus, taking into account the postulated localization of NRT1.1 at the plasma membrane (i.e. in direct contact with the external medium), this yielded the hypothesis that the signalling function associated with NRT1.1 corresponds to its role as a membrane NO 3 -sensor (Krouk et al., 2006; Remans et al., 2006b; Walch-Liu and Forde, 2008; Wang et al., 2009; Ho et al., 2009) .
A strong difficulty related to this hypothesis in the case of a transporter is that the signalling defects recorded in knock-out mutants may not be due to the loss of a sensing function associated with the transporter, but to the lowered uptake of the NO 3 -signal molecule, affecting its detection by intracellular sensors. Most alterations of NO 3 --induced responses in chl1 mutants were shown to occur without any decrease in the overall uptake or accumulation of NO 3 -in the whole root system (Krouk et al., 2006; Remans et al., 2006b; Ho et al., 2009; Wang et al., 2009 et al., 2006, 2010b) . However, these observations are not conclusive, because they do not preclude that disruption of NRT1.1 (and not that of NRT1.2) may result in highly localized reduction of NO 3 -transport into specific cells specialized in NO 3 -sensing. A more decisive evidence supporting a direct role of NRT1.1 as a NO 3 -sensor is the fact that point mutations in the protein uncouple transport and signalling activities. For instance, the T101A mutation (that prevents phosphorylation of the Thr101 residue by CIPK23) suppresses the antagonistic effect of NO 3 -on the Glu-induced changes in root system architecture, whereas it does not abolish NO 3 -transport by NRT1.1 (Walch- Liu and Forde, 2008) . By contrast, the P492L mutation prevents NO 3 -transport by NRT1.1, but not the NRT1.1-dependent induction of NRT2.1 by NO 3
- (Ho et al., 2009) . Therefore, both studies indicate that, at least in these cases, the signalling role of NRT1.1 does not require its NO 3 -transport activity, or that this transport activity is not sufficient for triggering the signal transduction.
In the yeast Saccharomyces cerevisiae, the genetic uncoupling of transport function and signalling effects has also been one of the most convincing evidence for the direct involvement of membrane transporters in nutrient sensing, and thus for the emergence of the concept of transceptor (Holsbeeks et al., 2004; Rubio-Texeira et al., 2010) . For some transceptors (e.g. the yeast Pho84), the finding of nontransported sensing agonists that are able to trigger transceptor-dependent nutrient signalling further indicates that the nutrient does not even need to be present into the cell (Popova et al., 2010) . A detailed survey of the yeast transceptors is out of the scope of this article. However, it is important to mention that sensing of external nutrients such as phosphate (Pi), NH 4 + or amino acids in S. cerevisiae is largely dependent on specific transceptors which, like NRT1.1, belong to gene families that also encode regular transporters (devoid of known signalling function). Interestingly, and also like NRT1.1, some of the yeast transceptors are able to trigger both physiological and developmental responses to changes in the external nutrient availability. For instance, upon non-limiting NH 4 + supply to N-starved cells, the MEP2 NH 4 + permease activates the protein kinase A (PKA) pathway, leading to a wide range of molecular and physiological adaptations favouring fermentative growth, trehalose and glycogen degradation, and repression of stress resistance genes (Holsbeeks et al., 2004; Van Nuland et al., 2006; Rubio-Texeira et al., 2010) . Under limiting NH 4 + supply, however, MEP2 does not activate the PKA pathway, but promotes pseudohyphal growth of the colonies, an adaptive morphological response aimed at foraging the external medium for nutrients (Lorenz and Heitman, 1998; Van Nuland et al., 2006; Boeckstaens et al., 2007) . Hence, in analogy with the model documented in yeast, it appears that NRT1.1 displays all the functional properties expected for a nutrient transceptor, and thus may be considered as the first protein of this kind in plants.
NRT1.1: a transceptor coupling NO 3 -sensing with auxin signalling Although several transceptors for inorganic nutrients have been described, mostly in yeast (Rubio-Texeira et al., 2010) , the mechanisms by which these proteins transform the external nutrient concentration into an intracellular signal remain obscure. An hypothesis, proposed for both the yeast Pho84 Pi transceptor, and for NRT1.1 (Fig. 1) , is that nutrient binding to specific recognition site(s) in the protein results in a conformational change triggering the internal signalling, probably through protein-protein interaction (Ho et al., 2009; Popova et al., 2010) . As transport of Pi or NO 3
-by Pho84 and NRT1.1, respectively, is not required for signalling, this suggests that either the recognition site(s) is(are) different from the transport site, or if they are identical (as suggested for Pho84), the complete transport cycle is not necessary for inducing the conformational change needed for signalling. Yet, there is presently no clue for any identified transceptor on what kind of downstream signal might be activated by this conformational change.
Recently, an original mechanism has been proposed to account for the signalling role of NRT1.1 in the NO 3 -regulation of lateral root growth (Krouk et al., 2010b). NRT1.1 was shown to be partly responsible for the stimulation of lateral root growth by NO 3 -because it acts as a repressor of both lateral root emergence and growth when NO 3 -is either absent from the medium or present at a low concentration (<0.2 mM), but not when it is present at higher concentration (e.g. 1 mM). Interestingly, another report showed that chl1 mutants display increased shoot biomass compared with the wild-type when plants were fed with NH 4 + as sole N source (Hachiya et al., 2010), suggesting that NRT1.1 may also act as a repressor of shoot growth in the absence of NO 3 -. In agreement with the known promotive action of auxin on lateral root emergence and growth (Benkova et al., 2003) , NRT1.1 also prevents auxin accumulation in lateral root primordia and young lateral roots at low (<0.2 mM), but not at high (1 mM) NO 3 -concentration. Strikingly, repression of both lateral root growth and auxin accumulation by NRT1.1 is most pronounced in the absence of NO 3 -in the external medium (Krouk et al., 2010b) . This paradox has been explained by the observations that (i) NRT1.1 is able to transport auxin in heterologous expression systems, in addition to NO 3 -, (ii) NRT1.1-dependent auxin transport is gradually suppressed by increasing NO 3 -concentrations up to 0.5 mM, and (iii) in planta, NRT1.1 is likely to contribute to the basipetal transport of auxin out of the lateral root because it is specifically expressed in the root cap and epidermis, i.e. in the cell types involved in this basipetal transport (according to the 'fountain model' for auxin gradient in lateral roots; Benkova et al., 2003) . Hence, a working model has been proposed for the NO 3 -sensing and signalling action of NRT1.1 on lateral root growth (Krouk et al., 2010b) . This model (Fig. 1) postulates that, in the absence or at low availability of NO 3 -, NRT1.1 acts as an auxin transport facilitator favouring basipetal transport of the hormone out of the lateral root. This prevents auxin accumulation at the root apex, which, in turn, inhibits growth. In the presence of a high NO 3 -concentration, auxin transport facilitation by NRT1.1 is repressed. This decreases basipetal auxin flow, and allows the hormone to accumulate at the root tip, triggering stimulation of growth.
The hypothesis that NRT1.1 may transport both NO 3 -and auxin provides a mechanistic basis for the postulate of a NO 3 --independent function of NRT1.1 (Meraviglia et al., 1996; Guo et al., 2001 ), but is highly surprising given the lack of structural similarity between these two compounds. However, the substrate specificity of the PTR transporters has always been unclear. In Arabidopsis, this family includes NO 3 -and peptide carriers, and PTR proteins from other species have been characterized as amino acids or carboxylic acid transporters (Tsay et al., 2007) . Noteworthily, the BnNRT1.2 transporter of Brassica napus (which is highly homologous to NRT1.1) was shown to be able to transport both NO 3 -and amino acids in Xenopus oocytes, with elicited currents even larger with histidine than with NO 3 -, depending on the conditions (Zhou et al., 1998) . Thus, NRT1.1 is not the first example of a PTR transporter with two very different types of substrate. Furthermore, NRT1.1 is not the first nutrient transporter proposed to be involved also in auxin transport. Indeed, the THR1 potassium carrier of Arabidopsis, which plays a role in root hair development and gravitropism, was shown to control auxin fluxes in roots and to promote auxin efflux when expressed in yeast cells (Vicente-Agullo et al., 2004) . Finally, NRT1.1 acting as an auxin transport facilitator also fits with (i) the earlier proposal that this hormone is involved in the ANR1-dependent NO 3 -signalling pathway stimulating lateral root growth, which also requires NRT1.1 (Remans et al., 2006b; Zhang et al., 1999) , and (ii) the finding that NRT1.1 expression is strongly induced by auxin (Guo et al., 2002) , a common feature for many auxin carriers (Vanneste and Friml, 2009 ), but not for most ion transporters.
One or several sensing/signalling mechanisms for NRT1.1?
Besides the above-detailed roles of NRT1.1 in the regulation of NO 3 --responsive genes and of root growth and development, this protein has also been shown to control several other responses of the plant to NO 3 -, including relief of seed dormancy (Alboresi et al., 2005) , stimulated development of young aerial organs (Guo et al., 2001) , and increased stomatal aperture (Guo et al., 2003) . Although it remains to be determined whether all these responses are actually due to a NO 3 -signalling effect, these observations raise the question of how can a single protein trigger so many different responses? One possible answer would be that NRT1.1 actually mediates several different signalling pathways, through different sensing mechanisms. Such an hypothesis has already been put forward in the case of the yeast MEP2 transceptor because the physiological (activation of the PKA pathway) and developmental (pseudohyphal growth) responses triggered by MEP2 can be genetically uncoupled by specific mutations in the protein (Rubio-Texeira et al., 2010) . There are some hints that the regulatory action of NRT1.1 may also rely on at least two separate sensing/signalling mechanisms. First is the striking observation that different NRT1.1-dependent responses of the plant to NO 3 -are affected in an opposite way by the external NO 3 -availability (Fig. 1) . On the one hand, both the regulation of NRT2.1 expression and the antagonism of Glu signalling by NRT1.1 are increasingly effective with increasing NO 3 -concentration. Accordingly, the phenotypes of the chl1 mutants on these aspects are more dramatic at high than at low NO 3 -availability (Walch- Liu and Forde, 2008; Ho et al., 2009) . On the other hand, repression of lateral root growth by NRT1.1 is increasingly effective with decreasing NO 3 -concentration, and the enhanced lateral root growth phenotype of the chl1 mutants is most pronounced in the absence of NO 3
- (Krouk et al., 2010b) . This does not demonstrate the occurrence of different sensing mechanisms by NRT1.1, but at least indicates a high complexity in the downstream signalling processes.
More importantly, the finding that the T101A mutation (preventing phosphorylation of Thr101 by CIPK23) suppresses the antagonistic effect of NO 3 -on the Glu-induced changes in root system architecture (Walch- Liu and Forde, 2008) strongly suggests that the phosphorylated form of NRT1.1 is specifically responsible for this antagonistic effect. This markedly departs from the findings of Ho et al.
(2009) that this same mutation does not suppress but at the opposite enhances the signalling effect of NRT1.1 on the induction of NRT2.1 by NO 3 -, thus suggesting that it is the non-phosphorylated form of NRT1.1 which is most efficient for this signalling. Accordingly, a CIPK23-deficient mutant also shows increased induction of NRT2.1 by NO 3 -as compared to the wild-type, whereas the T101D mutation, that mimics phosphorylation of the Thr101 residue decreases this induction (Ho et al., 2009) . Thus, the hypothesis arises that different forms of NRT1.1 may be in charge of different signalling functions, triggering different responses. As far as phosphorylation of Thr101 is involved, this would imply that CIPK23 also plays a major role in NO 3 -signalling, because it may modulate the action of the NRT1.1 transceptor in order to tune the amplitude of its signalling effect, or to direct this signalling toward different targets.
The other putative NO 3 -transceptor(s)
Most of the studies that have evidenced a NO 3 -sensing role for NRT1.1 have also clearly demonstrated the occurrence of NRT1.1-independent NO 3 -signalling responses. For instance, NRT1.1 accounts for only a part of the lateral root growth stimulation resulting from a localized NO 3 -supply (Remans et al., 2006b) . Furthermore, induction of NRT2.1 expression by NO 3 -becomes insensitive to NRT1.1 mutation if the plants have been deprived of N prior to the NO 3 -induction treatment (Muños et al., 2004; Wang et al., 2009) . Thus, other NO 3 -sensors are obviously active in Arabidopsis. One question is then to determine whether these other sensors correspond to NO 3 -transceptors different from NRT1.1.
There are some indications that NRT2.1 could also act either as a NO 3 -sensor or a signal transducer, to co-ordinate the development of the root system with nutritional cues in Arabidopsis. Using a genetic screen, Malamy and Ryan (2001) isolated the lin1 mutant, resistant to the repressive effect of a high sucrose/NO 3 -ratio on lateral root initiation. Accordingly, lin1 plants have a higher frequency of lateral root primordia initiation than wild-type plants when grown on a high sucrose/low NO 3 -medium. The lin1 mutant was found to carry a missense mutation in NRT2.1, and other nrt2.1 alleles were shown to have the same phenotype as lin1 (Little et al., 2005) . This indicates that NRT2.1 acts as a repressor of lateral root initiation under high sucrose/low NO 3 -supply. Surprisingly, this role of NRT2.1 appears to be independent of its NO 3 -transport activity (Little et al., 2005) . First, the increase in external NO 3 -concentration alleviates repression of lateral root initiation by high sucrose/low NO 3 -in the wild-type, making it unlikely that the lowered repression observed in the nrt2.1 mutants is due to decreased uptake of NO 3 -. Second, the lateral root initiation phenotype of the nrt2.1 mutants is observed even in the absence of added NO 3 -in the external medium. It was therefore proposed that NRT2.1 plays a crucial role in the perception or transduction of the repressive signal regulating root branching. This proposal was further supported by Remans et al. (2006a) , who also found a lateral root initiation phenotype for a nrt2.1 mutant. However, in the Remans et al. (2006a) study, nrt2.1 plants initiated less lateral root primordia than the wild type under NO 3 --limited conditions or in the absence of added NO 3 -(media without sucrose). In contrast to Little et al. (2005) , this rather suggests an activator role for NRT2.1 in lateral root initiation. The opposite phenotypes obtained in these independent assays are not understood, but could probably be explained by the differences in the experimental conditions and growth medium composition. Despite these discrepancies, these data collectively show that NRT2.1 acts, independently of its NO 3 -uptake activity, as a component of a signalling pathway connecting NO 3 -and sugar availability with the development of the root system. Hence, NRT2.1 also seems to fulfil a dual transport/signalling role, thus displaying functional properties of a putative transceptor.
A specific complexity in the case of NRT2.1 is that, unlike NRT1.1, it strictly requires interaction with a partner protein, NAR2.1, to mediate NO 3 -transport (Okamoto et al., 2006; Orsel et al., 2006) . Furthermore, mutation of NAR2.1 leads to the same lateral root developmental alterations as that of NRT2.1 (Orsel et al., 2006) . The precise function of NAR2.1 is not understood yet, but nar2.1 mutants are defective in NO 3 -HATS (Okamoto et al., 2006; Orsel et al., 2006) , and lack the NRT2.1 protein in the plasma membrane . This suggests that NAR2.1 is required for expression or correct trafficking of NRT2.1. Recently, it was proposed that NRT2.1 and NAR2.1 form a hetero-oligomer in the plasma membrane, that may be the actual active NO 3 -transporter (Yong et al., 2010) . Thus, further work is needed to determine whether NRT2.1, NAR2.1, or both are really participating in NO 3 -signalling.
Another possibility to consider is that other PTR proteins may also participate in NO 3 -signalling. Indeed, there are examples in yeast of transporter families including more than one transceptor (e.g. MEP1 and MEP2, Rubio-Texeira et al., 2010) . To date, eight PTR proteins (NAXT1, NRT1.1, 1.2, and 1.4-8) have been functionally characterized as NO 3 -transporters in Arabidopsis (Tsay et al., 2007; Almagro et al., 2008; Lin et al., 2008; Fan et al., 2009; Li et al., 2010) . These proteins have been assigned to specific steps of NO 3 -transport into the whole plant: NRT1.1 and NRT1.2 in NO 3 -uptake by the roots (Tsay et al., 1993; Touraine and Glass, 1997; Huang et al., 1999) , NAXT1 in NO 3 -efflux to the external medium (Segonzac et al., 2007) , NRT1.4 in NO 3 -transport in the leaf petiole (Chiu et al., 2004) , NRT1.5 and NRT1.8 in xylem loading/unloading of NO 3 -in the root stele, respectively (Lin et al., 2008; Li et al., 2010) , NRT1.6 in NO 3 -transport in the embryo (Almagro et al., 2008) , and NRT1.7 in NO 3 -loading into the phloem (Fan et al., 2009) . Despite the finding that mutation of some of these transporters yields interesting developmental alterations (e.g. leaf or embryo development for NRT1.4 and NRT1.6, respectively), or as yet unexplained phenotypes (e.g. modified cadmium tolerance for NRT1.5 and NRT1.8; Li et al., 2010) , there is no clear evidence that these phenotypes cannot be simply explained by a NO 3 -transport defect. Thus, there is no indication yet of the occurrence of another NO 3 -transceptor within the Arabidopsis PTR family.
Surprisingly, future insight into the signalling role of other plant PTR proteins may come from species other than Arabidopsis. Indeed, the LATD/NIP gene of Medicago truncatula, involved in the control of root growth and nodule development, has recently been shown to encode a member of the PTR family (Yendrek et al., 2010) . Both the putative transport activity and the subcellular membrane localization of LAPD/NIP are unknown, precluding at the moment any conclusion concerning its actual role as a transceptor. However, expression of LATD/NIP is regulated by hormones, and latd mutants show defects in the NO 3 -regulation of root architecture, suggesting a putative involvement of this protein in external or internal N signalling in connection with hormone signalling. Of particular interest is the fact that LATD/NIP shows only limited sequence identity with AtNRT1.1, and is much more closely related with two other members of the PTR family in Arabidopsis, not characterized yet (Yendrek et al., 2010) .
Conclusions and future prospects
Evidence has accumulated recently to suggest that the Arabidopsis NRT1.1 NO 3 -transporter also acts as a NO 3 -sensor, and is thus, presumably, the first nutrient transceptor identified in plants. Although this characterization of a dual nutrient transport/sensing function for a membrane protein is new in plants, it would have been very surprising if the concept of transceptor, which has emerged as a major issue in nutrient signalling in many other eukaryotic organisms, has no counterpart in plants. Furthermore, given the generality of this concept for various nutrients (NH 4 + , Pi, amino acids, sugars), it may be postulated that transceptors are also active in plants for the sensing of nutrients other than NO 3 -. For instance, the occurrence of a sensing system for extracellular NH 4 + has recently been documented in Arabidopsis (Lanquar et al., 2009) . In this context, it is noteworthy that several Arabidopsis AMT transporters were shown, at least partially, to complement the NH 4 + signalling defects associated with mutation of the MEP2 transceptor in yeast (Van Nuland et al., 2006) . Thus, it is anticipated that the hypothesis of a wide significance of the transceptor concept in plants will prompt a reconsideration of previous data and the analysis of future work on nutrient transporters with a totally new point of view.
A striking conclusion arising from the work of various groups on NRT1.1 is that this protein governs an unexpectedly large number of responses to NO 3 -, perhaps through different sensing mechanisms. This suggests a high level of complexity and integration in both the regulation of the NRT1.1 transceptor and the downstream signalling cascades, to ensure that the right responses are triggered under the relevant environmental conditions. Understanding this complexity and integration will be a challenge, and will require a combination of various approaches, including, in particular, the most recent ones of systems biology (Vidal and Gutierrez, 2008; Krouk et al., 2010a) . Furthermore, the evidence available to date suggests that NRT1.1 is involved in local signalling of the external NO 3 -concentration (Krouk et al., 2006 (Krouk et al., , 2010b Ho et al., 2009) . However, N homeostasis in plants is not only controlled by local sensing of exogenous NO 3 -, but also by systemic N signalling (Gojon et al., 2009) . There are some hints that NO 3 -can be sensed internally, and that this may involve long-distance signalling between shoot and roots (Scheible et al., 1997; Zhang et al., 1999) . Whether NRT1.1 and/or other N transceptors participate in systemic N signalling will thus certainly be an important hypothesis to investigate.
Finally, it has been unravelled that NRT1.1 is directly connected with auxin transport and signalling processes (Krouk et al., 2010b) . A relationship between nutrient and hormone signalling has long been postulated (Forde, 2002; Nero et al., 2009; Rubio et al., 2009) . However, significant progress has been made recently to elucidate this relationship at the molecular level (Gifford et al., 2008; PerezTorres et al., 2008; Krouk et al., 2010b; Vidal et al., 2010) . This is expected to have a strong impact, and to open new lines of research on nutrient sensing. Indeed, an understanding of the mechanisms allowing the plant to modulate its physiology, development, and growth according to its perception of nutrient resources in the soil has far-reaching consequences, for instance, to design new crops with sustained biomass production and improved nutrient acquisition efficiency in low-input farming systems.
